Abstract: Partial discharge (PD) magnitudes from classical detection techniques are expressed in terms of apparent charges. Signals from HF/VHF/UHF techniques on substation components are often hard to express in this quantity because of complex signal excitation and propagation channels. A method to calibrate PD signals obtained during online inductive detection in medium voltage belted cables is described. Online inductive detection implies that the impedances of components present in substations essentially determine the detected PD signal magnitude. The use of belted cables means, that the coupling of a PD event to the conductors not only depends on the PD site within the cross-section of the cable or cable accessory, but also becomes dependent on the momentary phase angle. In addition, during signal propagation the signal magnitude may alter according to the propagation modes of a multi-conductor cable. These aspects are studied quantitatively by the use of theoretical modelling in addition to offline and online experiments. PD diagnostic equipment including pulse injection capability allows online calibration with sufficient accuracy, irrespective of the actual substation arrangement.
Introduction
At present various commercial partial discharge (PD) detection and location techniques are available for medium voltage (MV) cables [1] [2] [3] [4] . These techniques are similar in the sense that they detect PDs within a bandwidth of several MHz, and location is realised through time domain reflectometry (TDR). The results are usually mapped as plots of PD activity against PD location. The techniques differ mainly in the way of energising the cable. For interpretation of the mappings, aspects like PD magnitude and intensity, total charge involved, distribution with phase angle, type and history of located fault (e.g. in cable joint or termination) are taken into account. This information is very useful, but only provides a snapshot of the cable state, valid under the specific circumstances during the test. To determine the cable condition, logging trends in PD activity is vital [5] . Trends during normal operation including load and temperature changes, but also during temporal overvoltages, can only be obtained by means of online techniques. Further, disconnecting the substation during installation can be omitted and no external power supply is required. These operational advantages make online techniques interesting from an economic perspective also.
The reason that online detection and location techniques are still at the development stage is their increased complexity as illustrated in Fig. 1 .
Safely installing PD sensors, also during operation, implies inductive coupling. Offline systems usually extract their signals by means of capacitive coupling, requiring galvanic contact with (one of) the phase conductors. Inductive detection of the PD current can be achieved from suitable grounded conductors, without any safety hazard during installation and operation. Accessible coupling sites within a substation have to be identified [6] .
Noise levels will be appreciably higher, since the cable under test is not isolated from the grid. In order to detect relatively low PD levels, say hundreds pC for paperinsulated-lead-covered (PILC) cables, advanced signal processing is required [7] .
In contrast to offline techniques the far end of the cable is not open and clear PD signal reflection, required for TDR, is not guaranteed. The solution adapted here is two-sided measurement, which has been already successfully applied for long and/or branched cable connections [8] . An alternative solution is a transponder, a device that amplifies and sends back the signal at the far end after a well-defined time delay [9] . However, in case of a low S/N ratio the transponder responds also on noise signals, making this solution unfeasible in a noisy environment.
Two-sided measurements need some way of communication between the cable ends. Further, the time-bases of the equipment at both ends must be very accurately aligned in order to realise sufficient location accuracy. For communication a telephone connection (if present) and, for synchronisation, methods based on GPS [8] can be used. Alternatively, the cable under test can serve as a connection for both purposes. It forms a possible communication channel [10] , and injected pulses at the near cable end may serve as reference time stamps at the far end [11] .
In belted cables the phase conductors have a common screen resulting in an elliptical electric field [12] . The field eccentricity, defined as the ratio between the minimum and maximum electric field strength Z ¼ E min =E max , is shown in Fig. 2 . The signal coupling to the conductors depends not only on the PD site within the cable dielectrics but now also on the momentary phase angle. Moreover, signal propagation results in rearranging the signal amplitudes over the conductors according to the cable propagation modes. Measured signals therefore not only reflect the PD occurrence itself, but also the signal excitation and propagation of the detection channel [13] .
The present paper analyses aspects related to online calibration of PD signals obtained by inductive detection from belted MV cables. With respect to the PD magnitude, two major steps must be distinguished. First, in a multiphase system a PD induces different charges in the conductors depending on its position and direction. Since this direction correlates with the electric field direction, the coupling strength to a specific conductor depends on the momentary phase angle for a rotating field vector. Signal detection from all phases would in principle allow interpretation of the measured amplitudes in terms of apparent charges, similar to offline tests. However, increased complexity resulting from multiple detection channels may hamper widespread introduction of an online diagnostic technique, and a compromise has to be found between complexity and performance. In Section 2 this aspect is analysed based on theoretical modelling of PD signal excitation and propagation in a three-phase belted cable. Second, the impedances of components present in substations determine the detected PD current magnitude. If all relevant impedances would be known beforehand, this information could be programmed into the detection equipment. However, these impedances depend on the specific configuration of the substation involved, depend also on details of the connections and ground loops, and may change according to new switch settings e.g. after maintenance. In Section 3 the option to include a pulse injection capability to detect the 'substation impedance' online is discussed. A pulse injection system was already considered for synchronisation purposes.
Signal excitation and propagation
Between the occurrence of a PD and signal detection at the end of a power cable three stages can be distinguished: (i) The displaced charge in the cable dielectrics due to the PD induces charges in all cable conductors. If only one phase is energised, as in offline tests, the PD is directed according to the external field and will induce equal, but opposite charges in energised and grounded conductors. For a rotating field, as in online measurements, PDs can occur in various directions. The induced charge in a specific conductor depends on this direction, and may even be absent resulting in undetected events.
(ii) Next, the PD signal travels along the cable. In a symmetrical three-phase belted cable two distinct propagation modes exist. The shield-to-phase (SP) mode is the sum signal of all conductor currents with respect to the ground conductor. The phase-to-phase (PP) modes correspond to the difference signal from two-phase conductors. These modes have different propagation characteristics. 
Fig. 1 Typical test configuration during offline and online PD diagnostics
Offline: The cable is disconnected from the grid and the cable is energised externally. The PD pulses can be located by TDR, because of full signal reflection at the far end (see inserted waveform) Online: Signal reflection at the far end depends on the substation configuration, and TDR may be prohibited. Location is realised through doublesided detection
Fig. 2 Eccentricity of electric field in artificial cable joint configuration
SP channel is detected. Signals obtained from a single phase conductor contain information on both SP and PP channels. This observation shows the importance of the choice of the sensor position in relation to the information to be obtained. Ideally, all channels are measured simultaneously, but from a practical point of view only a single sensor location may be chosen. This Section discusses the excitation and propagation mechanism using an idealised defect; a spherical void within the dielectrics. In a linear field the PDs tend to concentrate at a phase angle between zero field and maximum field [14, 15] . Sufficient assumption for this pattern to occur is the presence of an internal field from charges resulting from previous PDs, which, together with the applied external field, makes up the total electric field inside the void. The field vector for a circular field is constant in amplitude and only changes direction. In this situation, no directional preference can exist, and consequently there is no relationship between PD occurrence and phase angle of the applied voltage. Simulations [12, 13] indicate that actually there can exist transitions of the PD pattern as a function of field eccentricity. Here, only the situations of (close to) a linear and circular field are considered.
Induced charge
For simplicity, it is assumed that the charge displacement from a PD neutralises the electrical field inside the void. For a spherical void in a surrounding medium with dielectric permittivity e this corresponds to a surface charge density given by [12, 13] :
The angle W is taken with respect to the direction W 0 of the applied field E 0 , which is approximately homogeneous in the vicinity of the void. Because of the large difference between the time scale of the actual PD (ns) and the time scale associated with the bandwidth applied for PD detection in MV cables (MHz), a PD can be considered as a sudden emergence of a dipole field somewhere within the dielectrics. The field far from the charge distribution can be approximated by the field from a dipole p with equivalent charge Q (and ÀQ), corresponding to the amount of charge on one half sphere with radius a around W ¼ W 0 . The charges, placed in the centres of gravity of the semi-spheres, are separated over distance d:
3 a ð2Þ The induced charge in the surrounding conductors can be calculated according to Ramo Shockley theory, see e.g. [16] . Figure 3 shows two hypothetical situations: (a) all conductors are grounded and a localised charge Q is present in the dielectrics; (b) earth screen and two phase conductors are grounded, one phase has potential U A , and the charge Q is removed. The scalar potential functions U 1 (situation a) and U 2 (situation b) are related by Greens theorem:
The surface S (indicated with broken lines in Fig. 3 ) enclosing volume V excludes all regions with conductors and charges, and can be subdivided in areas S i around conductors i, and an infinitesimally small spherical area S Q around the charge. The left hand side of (3) is zero because in the volume enclosed by S the Laplace equation is satisfied. In the first term of the right hand side the integrals over S i vanish, because the potential U 1 is zero on all surfaces S i ; the integral over S Q vanishes as well, because no charge is contained by S Q for situation b (and U 1 is constant on S Q ). The integrals over the grounded surfaces in the second right hand side term do not contribute (U 2 ¼ 0 on S i with i 6 ¼ A). The remaining terms result in:
The last step follows from Gauss law, realising that U 2 is equal to U A on S A , and U 2 is constant on S Q . The induced charge Q ind in a conductor upon charge Q at position r Q can be determined by applying a voltage U A (e.g. 1 V) to this conductor and calculating the potential U 2 ðr Q Þ at the location of the charge (e.g. numerically using electrostatic boundary or finite element method software). The apparent charge Q app arising from the dipole according to (2) is found by calculating the charges induced by both þQ and ÀQ separated over distance d:
The apparent charge upon a PD can now directly be calculated from the electric field E RS .
PD distributions
The Ramo Shockley considerations described above are applied to simulate PD patterns for a spherical void at different positions indicated with a, b, c in Fig. 4 . Assumptions made for the modelling are (i) the void becomes fully neutralised upon a PD, (ii) the charge redistribution remains until the next PD, and (iii) the statistical time lag is small (e.g. 1% of one 50 Hz cycle) [13] . The simulations in This simplified engineering model for PDs in a spherical void already predicts the importance of the field eccentricity on the patterns. Observed patterns depend not only on the type of defect, but also on the phase angle dependent coupling to the conductor from which the signal is extracted. Although this complicates interpretation when compared to offline tests with linear fields, it may prove to give additional information on the defect.
PD signal propagation
The distinct propagation channels can modify the PD signal amplitudes. Therefore, patterns can to some extent depend on the cable length between defect and substation. The signal propagation modes for the PD currents in frequency domain for a symmetrical three-phase belted cable are given by [12, 17] :
The propagation coefficient gðoÞ is different for distinct modes. If the signal is extracted from one phase, e.g. phase R, the following combination of modes is measured:
If the attenuation in both channels differs considerably then, after a long propagation distance, either the first term or the last two terms will dominate the signal at the detection side. Figure 5 shows two simulations of the PD magnitude against phase angle for these extreme situations for the case of a circular field. The number of PDs is indicated with grey scaling (in fact, this representation is a top view of plots similar to Fig. 4 ). Depending on the detected mode, either SP or PP, the pattern is shifted over about 601. For shorter cables both modes coexist in a ratio, which depends on the cable length. Note, that the pattern for the SP mode is similar to Fig. 4b , since there the signal is obtained from the screen, which only contains the SP mode.
Substation impedance
A PD pulse arriving at the cable end will be partly reflected and be partly transmitted depending on the impedances of components present in the substation, such as a distribution transformer and leaving cables. Cables can be considered as real (characteristic) impedances; the transformer impedance will be frequency dependent. Also the (ground) connections may contribute to the impedance, owing to the selfinductance of possibly large loops. For a three-phase system transmission and reflection can be described in terms of matrices [18] . In the following, however, mainly the SP channel is considered. Further, we assume that the loads from the substation to a large extent have three-fold symmetry like the cable. In this approximation the relevant transmission and reflection coefficients are scalar quantities. Also transmission line effects, which may have some effect in large substations, are disregarded.
Modelling substation impedances
In a study aiming for the feasibility of using the medium voltage grid for power line communication, the behaviour of a distribution transformer was investigated [10] . The impedance of a distribution transformer (400 kVA-10 kV/ 380 V) was measured up to a frequency of 100 kHz (CENELEC A-band). The results for two situations are shown in Fig. 6 : SP-impedance: all phases are interconnected, and the impedance between phases and ground is measured. PP-impedance: the impedance between two phases is determined with the third phase floating.
The transformer is modelled with lumped impedances: Z f between the phases, and Z g between phase and ground (see inserts, Fig. 6 ). Impedance Z f consists of a coil inductance L f parallel to a capacitance C f , which takes into account the capacitive coupling between the windings; Z g corresponds to the capacitance C g between coil and transformer core/housing. The curves in Fig. 6 are fits to the measured symbols using C g ¼ 315 pF, C f ¼ 260 pF, and L f ¼ 17 H or 0.086 H depending on the load at the low voltage side (open or short circuit). For frequencies above about 50 kHz the absolute impedance exhibits 1=f behaviour under all tested conditions. Apparently, capacitive coupling becomes dominant. This result suggests that the transformer can be modelled as a lumped capacitance. If the SP-channel is considered, the impedance consists of three phases in parallel with ground as the return current path. It is therefore expected that a distribution transformer typically behaves like a capacitor with a value close to 1 nF. For large transformers, e.g. connecting the MV grid to transmission lines, this capacitance can be higher.
Signal propagation along PILC cable
A 4 km three-phase belted PILC cable was loaded (offline) on both sides with several impedances, resistive as well as capacitive. Load impedances of 10 O and 100 O covering the range of actual cable characteristic impedances, 1 nF and 10 nF representing transformers (including extra capacitance from connecting cables) were chosen as being indicative for the performance of the propagation channel. This impedance is particularly important in case of inductive signal coupling as anticipated for the online system. The transfer functions shown in Fig. 7 relate the applied current I 0 exciting the injection coil to the resulting current I out in the detection circuit. Signal coupling was accomplished by means of air coils (Rogowski) with a mutual inductance of 1.86 mH. The transfer function for a cable with length ' and characteristic impedance Z 0 is given by [10] : with t and r the current transmission and reflection coefficients at the cable to substation transitions at both cable ends (index 1,2), and M 1 the mutual inductance at the injection side. The denominator in the right hand factor of (8) is approximately 1 because of signal attenuation over 4 km, resulting in:
ÀaðoÞ'
The calculated curves are based on two fit parameters obtained from the measured values, indicated with symbols: cable impedance Z 0 ¼ 40; O, and damping factor owing to skin effect aðoÞ ¼ 2:
) [10] . The large range in values for the transfer function proves the high sensitivity of the system performance with substation impedance. It should be noted, that a transformer will not behave as a perfect capacitor up to frequencies relevant for PD detection (several MHz), but may exhibit some resonances. One obvious resonance occurs due its capacitance together with the self-inductance of the connections, which is in the order of several hundred nH. These resonances, which depend on the precise installation details of the equipment, show that a priori prediction of the substation impedances from known individual component values is quite awkward. Therefore, it is aimed to include a calibration method within the online equipment.
Online acquisition of the substation impedance
Pulse injection, required for time base alignment in case of double-sided measurement, can also be of use for determining relevant substation impedances [19] online. A coil, placed around a conductor in the substation, is basically a weakly-coupled transformer consisting of the primary injection coil and the secondary circuit formed by the substation connections. Weakly means that primary and secondary circuits can be described independently: the primary excitation current results in a known induced voltage over the impedances present in the secondary substation circuit.
A well-defined pulse, with its energy concentrated mainly in the low MHz range, can be realised by discharging a capacitor over the self-induction of the injection coil [19] . The resulting oscillation can be blocked to obtain a sinusoidal waveform with a duration of e.g. a half cycle. For injection, a Rogowski coil with a mutual inductance of M ¼ 42 nH was mounted around the earth screen (placed beyond the last ground connection [6]) of an incoming cable.
From the measured secondary waveforms I sec at the injection side, and the known injection current I inj , the values of the relevant lumped impedances can be deduced:
Z inj represents the impedance of the cable containing the injection coil; the sum in the denominator includes all impedances closing the current path. Figure 8 illustrates a cable connection where pulses are injected in either the left or right cable end. In both cases the secondary current is measured over the same cable screen as injection takes place by means of commercially available current probes (1 V/A). The characteristic impedances of two leaving cables, and the distribution transformer close the injection current path in the right substation. The latter impedance, however, hardly contributes here. In contrast, for injection in the left substation only the transformer with its connection closes the current path. The fits were obtained by using characteristic impedances of 12 O (SP channel), and a total value of 3 nF for the transformer (1 nF) together with its connection (2 nF) as dominant impedances. Besides the circuit self-inductance, additional circuit resistance to take into account skin effect and radiation losses was introduced in order to get good agreement. In principle, using the acquired values of the substation impedances, the cable propagation characteristics can be also determined when the signal at the far end is measured as well.
Discussion
The ultimate purpose of PD calibration is to express the detected signal magnitudes in a quantity, which is independent of the measuring system. In classical PD testing apparent charge is used, which indicates the amount of charge induced in external electrodes accessible for PD detection. Calibration is realised by injecting a known charge over the electrodes. For PD techniques involving signal propagation this calibration method cannot be applied, basically because the propagation channel from PD site to terminals is crucial for the content of the measured signals at the terminals of the device. For instance, acoustic and electric (VHF/UHF) PD detection in generators do not scale directly because of their different propagation paths [20] , making absolute calibration awkward.
Cables are easier to model, because of their relatively simple geometry. Knowing the cable propagation characteristics, the substation component impedances and the sensor bandwidth, the detected signals can be traced back to the original induced charges at the defect. The accuracy by which these charges can be established depends, amongst others, on the uncertainty in the overall substation impedance, which is in the order of 10-20% if the pulse injection method is applied. For PD magnitudes this is sufficient, since often the uncertainty is much higher for other reasons, e.g. not accurately known cable properties. In comparison, VHF/UHF techniques in generators and transformers usually fail to have adequate calibration methods for life components. The merits of those techniques can be attributed to the fact that they concern online diagnostics, which allows detection of trends in PD behaviour.
For belted cables an additional parameter is introduced, related to the elliptical nature of the electric field. Especially, when the PDs are extracted from only one conductor, e.g. the cable earth screen, the complete information on the original PD is not obtained. This can possibly result in undetected PD events. Figure 9 indicates the theoretical calibration factor between apparent and real charge for PDs in case they occur in the direction of maximum applied field. The dark region in the centre corresponds to relatively low sensitivity. It should be noted, however, that real defects in PILC cables are much larger in size than the simulated void, and also PDs will not occur only in the direction of the external (maximum) field. Therefore, some signal coupling to the earth screen will still take place.
Conclusion
For online PD detection and location in MV cables inductive signal coupling is preferred from an installation and a safety point of view. The technical complications involve, among others, the calibration of the PD magnitude, since impedances of components present in the substations load both ends of the cable under test. Applying pulse injection as a means of online determination of substation impedances is promising and will be investigated further in order to extract cable propagation characteristics as well.
Belted cables have multiple PD excitation and propagation channels. If only one channel is detected, e.g. from inductive coupling to the earth screen, information may be lost for PDs occurring at certain phase angles in some parts of the cable (or accessory) cross-section. However, the PD amplitudes and distributions are still unambiguous for a given sensor position in the sense that results from different techniques can be translated to the same values for the apparent charge magnitude. Whether detection of all channels is required will be basically a compromise between costs and complexity, and technical performance. This issue can be resolved only after obtaining sufficient practical experience with online detection. In any case, the ability to detect PDs from power cables in service promises to be a major step forward, since it will allow monitoring of trends in PD behaviour over a long time.
